
Supplementary Information 
We present below a more detailed description of studies relating to the localization of brain GnRH 

neurons and GnRH1, GnRH receptors, gonadotropins, gonadotropin receptors, StAR, sex steroids, sex 
steroid receptors, kisspeptin and kisspeptin receptor (GPR54).  This information was used in the spatial 
localization of the various components of the feedback axes in the model (Fig. 5). 
i. GnRH Neurons and Neural GnRH1 Production: In addition to the known GnRH1-pathways (preoptico-
terminal, preoptico-infundibular, periventricular), GnRH1-immunopositive processes are present in 
several major tracts and areas of the brain, including the medial and cortical amygdaloid complex, stria 
terminalis, stria medullaris thalami, fasciculus retroflexus, medial forebrain bundle, indusium griseum, 
stria longitudinalis medialis and lateralis, hippocampus, periaqueductal gray of the mesencephalon, and 
extracerebral regions, such as the lamina cribrosa, nervus terminalis and its associated ganglia 
(Merchenthaler et al. 1984; Tobet et al. 1996; Quanbeck et al. 1997; Kim et al. 1999; Reed et al. 2002).  
The short serum half-life of GnRH I (~2-3 min.) (Redding et al. 1973; Fauconnier et al. 1978) would 
support autocrine release of GnRH I within the brain, although it has been shown in rats that GnRH I 
can cross the BBB (Dvorska et al. 1992). 
ii. GnRH Receptors: GnRHR1 initiates the release of gonadotropins from pituitary gonadotropes (Miller 
and Gibson 1994; Millar et al. 2004).  GnRHR1 has been localized to extrapituitary areas of the rodent 
brain including the hippocampus, amygdala, entorhinal cortex and subiculum, with lower expression in 
the septum and frontal cortex, but is not greatly expressed in the hypothalamus (Reubi and Maurer 
1984; Badr and Pelletier 1987; Haour et al. 1987; Reubi et al. 1987; Jennes et al. 1988; Leblanc et al. 
1988; Badr et al. 1989; Ban et al. 1990; Thompson and Moss 1992; Crumeyrolle-Arias et al. 1994; 
Jennes et al. 1995; Jennes et al. 1996; Jennes et al. 1997; Pierpaoli and Lesnikov 1997; Lu et al. 1999; 
Granger et al. 2004).  The density of GnRHR1 appears to be highest in the stratum oriens and stratum 
radiatum of the CA1-CA4 regions of Ammon's horn (Reubi et al. 1987; Leblanc et al. 1988).  Studies 
using GnRH1 agonists have identified a high affinity-binding site (0.12–1.00 nM) in the hippocampus 
that compares closely with pituitary GnRHR1 (reviewed in Vadakkadath Meethal and Atwood 2005), 
suggesting an important role for GnRH1 in hippocampal function.  We recently reported GnRHR1 
expression on neurons of the hippocampus and cortex of the human brain, but not in the granular layer 
of the dentate gyrus or other neuronal cell types (Wilson et al. 2006). 
iii. Gonadotropins: LH has been immunolocalized to the cytoplasm of neurons of the cerebral cortex 
and hippocampus of the human and rat brains (Hostetter et al. 1981; Emanuele et al. 1983; Bowen et 
al. 2002), and is found in cerebrospinal fluid (Bagshawe et al. 1968).  The exact origin of extrapituitary 
intracellular LH is unclear.  One possible explanation is that pyramidal neurons sequester LH from 
extracellular sources (e.g. blood).  This is supported by the findings that pyramidal neuron LH is 
elevated approximately 2-fold in AD compared with age-matched control brains (Bowen et al. 2002), an 
increase that correlates with a 2-fold increase in serum LH at this time (Bowen et al. 2000; Hogervorst 
et al. 2001; Short et al. 2001).  Another intriguing possibility is that aging neurons, like fetal and cancer 
cells, might be capable of synthesizing LH (Whitfield and Kourides 1985; Krichevsky et al. 1995; 
Yokotani et al. 1997).  We recently demonstrated that GnRH1 induces LH expression by 
neuroblastoma cells and is present in primary rat neurons (Wilson et al. 2006). FSH has not been 
reported in the brain, however FSH mRNA is present in the adult rat brain (Allen Brain Atlas) and is 
expressed most prominently in the medulla, cerebellum, and pons, with significant expression in 
cerebral cortex, hippocampus, hypothalamus, the midbrain, pallidum, retrohippocampal region, and 
thalamus, and low levels of expression elsewhere.   
iv. Gonadotropin Receptors: All neuronal cell types (neurons, astrocytes, glia) studied to date possess 
LH/hCG receptors (Zhang et al. 1994; Bukovsky et al. 2003; Bowen et al. 2004).  Mature glycosylated 
and phosphorylated LH/hCG receptor (~92 kDa), immature full length LH/hCG receptor (59 kDa 
isoform) and minor variants that migrate at 48 and 68 kDa have been detected by immunoblot analyses 
in the cortex of young and aged individuals (Bowen et al. 2004). Likewise, LH/hCG receptor expression 
(mRNA and protein) has been detected in the adult rat brain with the highest density of LH/hCG 
receptors being found within the hippocampus (Lei and Rao 1994). The expression of neuronal LH/hCG 
receptors, and therefore receptor signaling, is modulated by both E2 and LH (Bowen et al. 2004; Liu et 
al. 2007).  Protein for FSHR has been difficult to detect in the brain, however FSHR mRNA is present 
throughout the rodent brain (Allen Brain Atlas) with the highest expression levels found in the 



cerebellum, with significant expression, albeit ~10-20 fold less in most other regions including cerebral 
cortex, hippocampus, medulla, and the olfactory bulb. 
v. StAR and steroidogenic enzymes: The expression of steroidogenic acute regulatory protein (StAR) 
and aromatase are three-fold higher in neurons of the CA3 than that of the CA1 region and in granule 
cells (Prange-Kiel et al. 2006).  Steroidogenic enzymes required for NSS production are expressed in 
the brain (Barbaccia et al. 2001; Schumacher et al. 2004; Veiga et al. 2004).  The biosynthesis of 
neurosteroids proceeds through cholesterol side-chain cleavage, and gives rise to 3β-OH-Δ5-
compounds, such as P5 and dehydroepiandrosterone (DHEA), their sulfates, P4, and reduced 
metabolites such as the tetrahydroderivative of P4, 3α-OH-5α-pregnane-20-one (3α,5α-THPROG). 
These steroids accumulate in the brain independently of the supply by peripheral endocrine glands. In 
rat, the CNS synthesizes P5 and converts it into P4 and some of its 5α-reduced metabolites, although 
different cell types perform different functions. Astrocytes can convert the neurosteroid P5 into the 
steroid hormone P4, 20α-dihydro-P5, 5α-dihydro- P4, and the neuromodulatory steroid 3α,5α-
tetrahydro-P4, whereas neurons lack the Δ5-3β-hydroxysteroid dehydrogenase isomerase activity (and 
cholesterol scc activity), necessary for the biosynthesis of P4 (Kabbadj et al. 1993).  Neurons can 
however convert P5 into 20α-dihydro-P5.  Thus, there is likely considerable cross-talk between glia and 
neurons in the regulation of steroid production (Barbaccia 2004).     
vi. Sex Steroids: Brain sex steroid concentrations are uneven across various regions of the brain and 
the dose-dependence of their response to a pharmacological challenge shows brain-regional 
differences as well (Compagnone and Mellon 2000; Barbaccia 2004).  This is consistent with the 
distribution of steroidogenic enzymes in brain, which show not only a brain region, but also a cell-
specific expression that may spatially and temporally determine the local concentrations of specific 
NSS, either produced ex novo or through metabolism of steroid precursors that reach the brain through 
blood.  Please see above papers for more comprehensive information on the location of steroidogenic 
enzymes in the brain. 
vi. Sex Steroid Receptors: Sex steroid receptors for estrogen receptor (ERα and ERβ), androgen 
receptor and progesterone receptor A and B (PRA and PRB), aside from being found in the 
hypothalamus and pituitary, are widely distributed in the brain with the highest concentrations being 
found in the limbic system (amygdala, cerebral cortex, midbrain central grey) and structures of the 
telencephalon (McEwen 1988; Sherwin 1999; Guerra-Araiza et al. 2001; Gao and Goldman-Rakic 
2003; Nunez et al. 2003; Shima et al. 2003).  Ultrastructural data reveals extranuclear ERα 
immunoreactivity within select dendritic spines on hippocampal principal cells, axons, axon terminals, 
and glial processes (McEwen 2002).  It has been suggested that the presence of ER in dendrites is 
responsible for synapse formation in which filopodia from dendrites grow out to find new synaptic 
contacts (McEwen 2002). PRs have been identified in peripheral and central glial cells (Baulieu 1997). 
Estrogens, but not progestins, have been shown to induce the expression of PRA, but not PRB, in the 
hippocampus (Camacho-Arroyo et al. 1998; Alves et al. 2000) although there is no change in PR 
isoform content in the hippocampus during the estrous cycle (Behl 2002; Blaustein 2003; Guerra-Araiza 
et al. 2003). 
vii. Kisspeptin and Kisspeptin Receptor: Kisspeptins are the natural ligands for GPR54.  In humans and 
mice, inactivating mutations of GPR54 result in hypogonadotropic hypogonadism, indicating kisspeptins 
play a vital role in the regulation of GnRH1 secretion. In many species, centrally administered 
kisspeptins stimulate gonadotropin secretion in a GnRH1-dependant manner. Virtually all GnRH 
neurons coexpress GPR54 through which kisspeptin directly stimulates GnRH1 release (Messager 
2005; Messager et al. 2005). In the hypothalamus, the vast majority of kisspeptin producing cells also 
express sex steroid receptors, particularly ERα. Thus, sex steroids are able to directly regulate the 
expression of Kiss1 mRNA, implicating kisspeptins as the 'missing link' between sex steroid feedback 
and GnRH1 secretion. Kiss1-expressing cells are localized to various regions of the forebrain in 
rodents, primates and sheep. In the arcuate nucleus (ARC) of the rodent and the ewe, sex steroids 
inhibit the expression of Kiss1 mRNA, suggesting that the kisspeptin secreting neurons here are the 
conduit for the negative feedback regulation of GnRH1 secretion. However, in the rodent anteroventral 
periventricular nucleus, sex steroids induce the expression of Kiss1, implying that these kisspeptin 
neurons play a role in the positive feedback regulation of GnRH1 secretion. Kisspeptin neurons in the 



ARC appear well placed to play a role in the negative and positive feedback regulation of GnRH1 
exerted by sex steroids (Smith 2008).   

Further studies are warranted to define the exact spatio-temporal pattern of these axis components. 
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